Transcriptional profiling was used to identify genes and pathways that responded to intracerebroventricular injection of melanocortin-4 receptor (MC4R) agonist [Nle 4 , ]-␣-melanocyte stimulating hormone (NDP-MSH) in pigs homozygous for the missense mutation in the MC4R, D298 allele (n ϭ 12), N298 allele (n ϭ 12), or heterozygous (n ϭ 12). Food intake (FI) was measured at 12 and 24 h after treatment. All pigs were killed at 24 h after treatment, and hypothalamus, liver, and back-fat tissue was collected. NDP-MSH suppressed (P Ͻ 0.004) FI at 12 and 24 h in all animals after treatment. In response to NDP-MSH, 278 genes in hypothalamus (q Յ 0.07, P Յ 0.001), 249 genes in liver (q Յ 0.07, P Յ 0.001), and 5,066 genes in fat (q Յ 0.07, P Յ 0.015) were differentially expressed. Pathway analysis of NDP-MSH-induced differentially expressed genes indicated that genes involved in cell communication, nucleotide metabolism, and signal transduction were prominently downregulated in the hypothalamus. In both liver and adipose tissue, energy-intensive biosynthetic and catabolic processes were downregulated in response to NDP-MSH. This included genes encoding for biosynthetic pathways such as steroid and lipid biosynthesis, fatty acid synthesis, and amino acid synthesis. Genes involved in direct energy-generating processes, such as oxidative phosphorylation, electron transport, and ATP synthesis, were upregulated, whereas TCA-associated genes were prominently downregulated in NDP-MSH-treated pigs. Our data also indicate a metabolic switch toward energy conservation since genes involved in energy-intensive biosynthetic and catabolic processes were downregulated in NDP-MSH-treated pigs. melanocyte-stimulating hormone; microarray; hypothalamus; MC4R THE CURRENT KNOWLEDGE OF FACTORS regulating voluntary food intake in humans and domestic animals is very limited. The majority of this knowledge is based on studies in rodents (52, 70) . Numerous reports have demonstrated that the hypothalamic melanocortin system plays a major role in regulating appetite and energy homeostasis (1, 8, 14) . The regulation of the melanocortin system is via the melanocortin receptor agonist, alpha-melanocyte stimulating hormone (␣-MSH), which is derived from proopiomelanocortin (POMC), and the antagonist, agouti-related protein (AgRP). Both AgRP and POMC have been identified in the hypothalamus of the pig (19, 44), and their action is mediated by the melanocortin-3 and 4-receptor (MC3R and MC4R; 22, 23). In mice, central administration of AgRP or the MC4R antagonist SHU9119 robustly increased feeding behavior, indicating that antagonism of the MC4R is an important orexigenic signal (27, 73) . In POMC and MC4R knockout mice (9) and mice overexpressing AgRP (29), the same obese phenotype is exhibited. A similar phenotype was observed in humans with mutations in MC4R (24). Thus, a functional MC4R plays a pivotal role in the regulation of energy homeostasis.
THE CURRENT KNOWLEDGE OF FACTORS regulating voluntary food intake in humans and domestic animals is very limited. The majority of this knowledge is based on studies in rodents (52, 70) . Numerous reports have demonstrated that the hypothalamic melanocortin system plays a major role in regulating appetite and energy homeostasis (1, 8, 14) . The regulation of the melanocortin system is via the melanocortin receptor agonist, alpha-melanocyte stimulating hormone (␣-MSH), which is derived from proopiomelanocortin (POMC), and the antagonist, agouti-related protein (AgRP). Both AgRP and POMC have been identified in the hypothalamus of the pig (19, 44) , and their action is mediated by the melanocortin-3 and 4-receptor (MC3R and MC4R; 22, 23) . In mice, central administration of AgRP or the MC4R antagonist SHU9119 robustly increased feeding behavior, indicating that antagonism of the MC4R is an important orexigenic signal (27, 73) . In POMC and MC4R knockout mice (9) and mice overexpressing AgRP (29) , the same obese phenotype is exhibited. A similar phenotype was observed in humans with mutations in MC4R (24) . Thus, a functional MC4R plays a pivotal role in the regulation of energy homeostasis.
Rothschild and coworkers identified a missense mutation (D298N) in the porcine MC4R (pMC4R) gene that changes a highly conserved aspartic acid in TM7 in melanocortin receptors to asparagine (42) . Moreover, this missense mutation is associated with increased food intake, growth, and fatness (42) . A structure and function relationship has been observed in natural and experimentally induced MC4R mutations in humans (69, 51) and mice (53) . Furthermore, highly conserved residues in the MC4R protein structure may be critical for ligand binding and signal transduction (59, 68) . Recent findings revealed that cell lines transfected with the porcine MC4R D298N mutation had decreased cAMP production when stimulated with the MC4R agonist compared with cells transfected with the wild-type receptor (43) . In direct contrast to this report, Fan et al. (23) , using the same experimental paradigm, demonstrated that in cells transfected with MC4R, the D298N mutation failed to alter MC4R signaling or cAMP content. We have previously reported that central administration of a MC3/4R agonist, [Nle 4 , D-Phe 7 ] (NDP)-MSH, suppressed food intake in pigs. In contrast treatment with a MC3/4R antagonist, SHU9119, failed to stimulate intake, whereas AgRP ability to increase feeding behavior was equivocal (6) . Moreover, these pigs were heterozygous for the MC4R mutation. Clearly, further work is needed to understand the functional role of MC4R on the genetic and metabolic pathways involved in appetite and growth. Therefore, the purpose of the present study was, first, to test the idea that food intake response to intracerebroventricular (ICV) injection of the MC4R agonist, NDP-MSH, is MC4R genotype dependent and, second, to determine whether genes and pathways that respond to central administration of NDP-MSH are affected in pigs with alternate MC4R genotypes.
MATERIALS AND METHODS
Twelve crossbred prepuberal gilts and six male castrates, 64 Ϯ 2 kg body weight, and 130 -140 days of age were used. Pigs were screened for MC4R genotype with a missense mutation in the MC4R (D298N; 42) , which has been associated with increased food efficiency. Pigs homozygous for MC4R, D298 allele (n ϭ 6), or N298 allele (n ϭ 6) or heterozygous (n ϭ 6) were selected from the University of Georgia swine herd (PIC composite). In a complete 2 ϫ 3 factorial design, within each genotype, two gilts and one male were assigned to each of the hormonal treatments. All pigs were surgically implanted with lateral ICV cannulas with the stereotaxic procedure of Estienne et al. (20) and Barb et al. (5) . Animals were individually penned in an environmentally controlled building at a constant temperature of 22°C and artificial 12:12-h light-dark photoperiod. Pigs were fed ad libitum a corn-soybean meal ration (14% crude protein) supplemented with vitamins and minerals, according to the National Research Council (NRC) guidelines (57) . One week after the last ICV surgery, feeders were removed at 0700, ICV injections of 150 l 0.9% saline (n ϭ 9) or 10 g of the MC3/4R agonist [Nle 4 , D-Phe 7 ]-␣-MSH (NDP-MSH; Bachem, Torrance, CA; n ϭ 9) were administered at 0800, feeders were placed in all pens, and food intake was monitored at 12 and 24 h after feed presentation. All pigs were killed 24 h postinjection, and hypothalamus, liver, and 10th rib middle layer of subcutaneous adipose tissue were collected as previously described (4, 33) . mRNA was isolated as described previously (30, 32) and was hybridized to Affymetrix Gene Chip Porcine Genome Arrays containing 24,123 probe sets. A second replicate was conducted as described above with an additional 12 prepuberal gilts and six castrate males averaging 77 Ϯ 2 kg and 140 days of age; within each genotype, two gilts and one male were assigned to each of the treatments. This resulted in the following groups for the two replicates: saline (n ϭ 6/D298, n ϭ 6/N298, n ϭ 6/D298N), 10 g NDP-MSH (n ϭ 6/D298, n ϭ 6/N298, n ϭ 6/D298N). All procedures were approved by the Richard B. Russell Agriculture Research Center Committee on Animal Care and Use.
Isolation of Total RNA
Total RNA was isolated from hypothalamus, liver, and adipose tissues for each pig (n ϭ 36 pigs) by extraction with QIAzol Lysis Reagent (Qiagen, Valencia, CA) followed by isopropanol precipitation of the aqueous phase. RNA was resuspended in water and immediately purified on Qiagen's RNEasy Mini Columns according to the manufacturer's procedure. Total RNA quality and quantity were determined by microfluidic analysis on an Agilent 2100 Bioanalyzer (Agilent Technologies, Foster City, CA). Each RNA extract was divided into aliquots for use with Affymetrix Gene Chips, and for quantitative real-time PCR (qPCR) on liver and adipose from each of the 36 animals and hypothalamus from 32 of the 36 were used. Four of the hypothalamus samples had been used up for the microarrays. Theses included two heterozygous females (one control and one treated) and two N298 animals (one female control and one male treated).
Affymetrix Arrays
Affymetrix GeneChip Porcine Genome Arrays (Affymetrix, Santa Clara, CA) were processed at Yerkes Microarray Core at Emory University in Atlanta, GA. Standard labeling of target (one round amplification), hybridization to GeneChip Porcine Genome Arrays (hybridization, washing, staining, and scanning), and data extraction and analysis were carried out on an Affymetrix GeneChip Instrument System (GeneChip Scanner 3000, Fluidic Stations 450, Hybridization Oven 640, and computer workstation loaded with GeneChip Operating Software) using the manufacturer's reagents and protocols. Target was prepared using Affymetrix's One-Cycle Eukaryotic Target Labeling Assay with 5 g total RNA as starting material. Briefly, the RNA was reverse-transcribed into double-stranded complementary deoxyribonucleic acid (cDNA), which was subsequently transcribed into biotin-labeled complementary RNA with simultaneous amplification. The resulting target was hybridized to GeneChip Porcine Genome Arrays.
Gene Ontology Biological Process Enrichment and Pathway Analysis
Annotation of human homologs of the Affymetrix porcine probe sets (67) with gene names and Gene Ontology (GO) enrichment analysis was performed by tools available at DAVID Bioinformatics Resources (18) . The transcriptome background for each tissue consisted of all genes flagged as present, marginal, or unknown on at least one of the GeneChip Porcine Genome Arrays for that tissue and that were matched to a human homolog. Redundancies caused by multiple probe sets that were annotated to the same gene were eliminated. This resulted in a transcriptome of 10,866 genes for hypothalamus, 10,484 genes for liver, and 10,681 genes for adipose tissue. For GO enrichment analysis, the lists of differentially expressed genes (q Յ 0.07) were divided into up and down expression by tissue, and redundant genes were eliminated. Each list was analyzed for overrepresentation (enrichment P Յ 0.1) in all levels of GO Biological Processes using DAVID's Gene Functional Annotation tool with medium stringency settings. GO enrichment cluster themes were denoted by the biological process with the smallest P value for each cluster. For pathway analysis, the top 50 most differentially expressed (up or down) genes by fold change in adipose tissue and genes with log fold changes of Ն 0.57 and Յ Ϫ0.57 in hypothalamus and liver were analyzed for overrepresentation in KEGG pathways (Kyoto Encyclopedia of Genes and Genomes, release 49.0) (38 -40) . Pathway themes were determined by KEGG orthology identifiers in KEGG's BRITE database.
qPCR
Custom Taqman Gene Expression Assays (forward primer, reverse primer, and 6FAM dye: MGB-labeled probe) were designed by Applied Biosystems (Foster City, CA) from sequences that were based on GenBank or The Institute for Genomic Research (TIGR) Pig Gene Index records and that were assessed for quality according to Applied Biosystems guidelines (Table 1) . A custom porcine 18S rRNA assay was designed as an endogenous control. We transcribed 3 g total RNA was transcribed into cDNA in a volume of 20 l with Superscript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA) utilizing random hexamers and following the manufacturer's protocol (25°C for 10 min, 50°C for 50 min). The cDNA was diluted 1:10 for use as template in the amplification reaction. The amplification reaction consisted of 1 l diluted cDNA, 10 l iQ Supermix (Bio-Rad Laboratories, Hercules, CA), 0.8 l 20ϫ custom TaqMan Gene Expression Assay, and water up to a total volume of 20 l. To measure each assay's probe reaction efficiency, a series of 20 l reactions was performed similar to the above using as template 1 l of a threefold to 2,187-fold range of serial dilutions of a pool of all available cDNAs. PCR was performed in Bio-Rad's CFX 96 RealTime PCR Detection System. Thermal cycling parameters were as follows: an initial denaturation step (95°C for 10 min), followed by 40 cycles of denaturation and annealing/extension (95°C for 15 s, 60°C for 1 min) in a 96-well optical plate. 
Analysis of Affymetrix Data
Data preprocessing. The background adjustment was done in R using the Affymetrix Bioconductor software, which is a widely used program for the analysis and interpretation of data arising from high-throughput experimentation in genomics and molecular biology. Probe intensities were adjusted based upon a weighted average of the backgrounds for each region. The weights are based on the distances between the location of the probe and the centroids of 16 different regions. Although perfect match (PM) and mismatch (MM) probe level can be used in the statistical analysis, several studies (13) have reported the limited contribution of MM data as well as the potential for adding more noise; consequently, only PM data were used in this study.
A scaling/linear method for normalizing the raw Affymetrix data was used in the analysis. This method was implemented by selecting a baseline array and then fitting a linear regression without intercept term between each array and the chosen array. The resulting fitted regression line is used as the normalizing relationship. We used the Affymetrix package of the Bioconductor for preprocessing the raw data; it has many methods for background adjustments as well as data normalization of Affymetrix microarray data. The log base 2 transformation was performed on the background-adjusted and normalized PM intensities as suggested by previous studies (37) .
Statistical analysis. In typical microarray experiments, several systematic and random effects contribute to the observed variation in the data. The use of mixed linear models for the analysis of microarray data (74) provides a flexible tool for accommodating these effects.
In this study, the following mixed linear model was used to analyze the probe level intensities for every gene separately: PMijklmo ϭ ϩ tr i ϩ genoj ϩ arrayk ϩ sexl ϩ (tr*geno)ij ϩ eijklmo, where PMijklmo is the log 2-transformed intensity for probe for gene m for sample o, trti is the treatment effect (i ϭ 1,2); genoj is the effect of genotype (j ϭ 1,2,3), array k is the random effect of array (k ϭ 1,2,ѧ36), sexl is the effect of sex (l ϭ 1,2), (trt*geno) ij is the interaction effect between treatment and genotype, and e ijklmo is the residual term. It is important to note that the number of probes per gene ranged from 11 to 20. Furthermore, the following assumptions were made about the distribution of the random effects in the model: eijk ϳ N(0, e 2 ) and Ak ϳ N(0, a 2 ), where e 2 and a 2 are the within and between array variances, respectively. Proc mixed of Statistical Analysis System (SAS; 48) was used for fitting the mixed linear model, and the restricted maximumlikelihood method was used to estimate the variance components.
The contrast statement was used to estimate and test linear combinations of interest. Degrees of freedom for F-test were estimated using the satterthwaite option in SAS proc mixed. Least-square estimates of both treatments for each single gene were calculated using the LSMEANS statement of SAS.
Multiple comparisons. Due to the large number of genes tested in microarray studies a method to assess the number of false positives is of great importance. In this study, the Hochberg-Benjamini method (36) for false discovery rate calculation was used to account for the multiple comparisons. The method can be summarized in the following three steps:
1) For a given significance level, ␣e, genes were ranked by their P values from the most to the least significance.
2) A threshold value was calculated for each gene as: Threshold i ϭ (Ri*␣e)/N, where Ri is the rank of gene i and N is the total number of genes in the array.
3) Each P value was then compared with its respective threshold, starting with the most significant P value, until a P value greater than the threshold value is encountered.
Statistical Analysis of Feed Intake Data
To determine the effect of treatment and genotype on feed intake across time, data were subjected to the general linear model split plot-in-time ANOVA procedure of SAS (63) . The statistical model included treatment, pig, genotype, replicate, and time. Effects of treatment were tested using animal within dose as the error term. Time was tested using dose ϫ time as the error term and dose ϫ time was tested by the residual. Differences between treatment means within a time were determined by least-squares contrasts (63) .
RESULTS
NDP-MSH suppressed (P Յ 0.004) food intake at 12 and 24 h in all animals after treatment ( Fig. 1 ). There was no replicate, genotype, or treatment ϫ genotype interaction detected (P Ն 0.8). Although NDP-MSH treatment suppressed food intake, these animals consumed enough feed to meet maintenance requirements according to NRC requirements for swine.
Microarray Data Validation
Expression of unique upregulated and several downregulated genes in the microarray analysis of NDP-MSH treatment and controls was verified by qPCR in fat, liver, and hypothalamic tissue (Table 2 ). In fat, these included downregulated lipid biosynthetic genes, i.e., fatty acid synthase (FASN) and lipoprotein lipase (LPL). Upregulated genes included 3-beta-hydroxysteroid dehydrogenase/delta-5-delta-4 isomerase (HSD3B1), angiopoietin-like-4 (ANGPTL4) and uncoupling protein 3 (UCP3). Other noteworthy genes not verified in- cluded interleukin 15 (IL-15), and angiogenin (ANG1). In liver, downregulated genes included lipid biosynthetic and energy metabolism genes, i.e., NAD(P)H dehydrogenase, quinone 1; malate dehydrogenase-1, Nad (MDH1); and cytochrome C oxidase subunit 7c (COX7C). In the hypothalamus, statistical significance of the fold changes of solute carrier family 1 member 1, karyopherin-␣4, and neuropeptide Y (NPY) was verified by qPCR (P Յ 0.05). Overall, the results obtained from microarray were confirmed for these sets of genes. For all the tested genes, fold changes in expression were consistent in direction compared with the microarray results except in adipose tissue for IL-15 (P ϭ 0.3), epidermal growth factor receptor (EGFR, P ϭ 0.10), and ANG1 (P ϭ 0.09) despite substantial Log2 fold changes of 0.49 for IL-15, 0.64 for EGFR and 0.66 for ANG1, in liver for ACLS3 (P ϭ 0.09) and FABP3 (P ϭ 0.09) with Log2 fold changes of Ϫ0.46 and Ϫ0.60, respectively, and in hypothalamic tissue for phosphodiesterase 4D, cAMP-specific (PDE4D, P ϭ 0.01), galactosylceramiase (P ϭ 0.3), and symplekin (SYMP, P ϭ 0.2) with Log2 fold changes of Ϫ0.52, Ϫ0.33, and Ϫ0.52, respectively. Overall, the results obtained from microarray were statistically confirmed for 70% of the tested genes in the hypothalamus, liver, and fat by qPCR.
MC4R Effects on Expression of Genes in Adipose Tissue, Liver, and Hypothalamus
A total of 5,066 transcripts were identified to be differentially expressed (q Յ 0.07, P Յ 0.015) in adipose tissue, with 3,276 being upregulated and 1,790 downregulated. In liver, 249 transcripts were identified to be differentially expressed (q Յ 0.07, P Յ 0.001), of which 163 were upregulated and 86 downregulated. In hypothalamic tissue, 278 transcripts were identified as differentially expressed (q Յ 0.07, P Յ 0.001), with 56 being upregulated and 222 downregulated. For simplicity, changes in RNA levels detected by these probe sets will be referred to as gene expression differences. The gene-bygene analysis that was conducted identified evidence of effects of the MC4R genotype (290, 41, 1, transcripts identified, respectively) and an interaction between genotype ϫ treatment (1,724, 40, 2 transcripts identified, respectively) at q Յ 0.07.
Interaction of Genotype ϫ Treatment in Adipose Tissue, Liver, and Hypothalamus
Animals were used in each combination of experimental factors (n ϭ 6/genotype/treatment); every effort was made to balance the design by assigning animals with similar weight and sex distribution to each group to avoiding potential confounding with genotype by treatment interaction. On the basis of stringent significance levels, several genes showed a clear genotype ϫ treatment interaction in food intake at 12 and 24 h after MSH injection, for all three tissues considered in this study. In fact, 1,724, 40, and 2 genotype ϫ treatment interactions were detected for adipose tissue, liver, and hypothalamus, respectively. To further investigate these interactions, especially for adipose tissue and liver, we profiled the expression of some genes with significant interaction using both the normalization PM data and the correspondent LSMEANS obtained during the statistical analysis. For all nine selected genes (5 for adipose tissue and 4 for liver) a clear interaction was observed using normalized PM and LSMEANS (Figs. 2 and 3 and  Supplementary Figs. S4 and S5, Supplementary Tables S6 and  S7) . 1 These results suggest a real genetic control of gene expression sensitivity to MSH treatment that could indicate a difference in genetic background for these and for the three genotypes considered in this study. The large number of significant interactions between MSH treatment and MC4R genotype observed for adipose tissue demonstrates its dynamic and complex role in the regulation of food intake.
Biological Processes Affected by NDP-MSH Treatment in the Hypothalamus, Liver, and Adipose Tissue
To identify biological processes that respond to ICV administration of NDP-MSH, differentially expressed genes in hypothalamic, liver, and fat tissue were analyzed for overrepresentation in GO Biological Process categories and KEGG biological pathways ( Supplementary Figs. S4 and S5, Supple- 1 The online version of this article contains supplemental material. 1 n ϭ 36; 2 n ϭ 32. Official gene symbols: ACSL3, acyl-CoA synthetase long-chain family member 3; ANG1, angiopoietin-1; ANGPTL4, angiopoietin-like-4; ARL3, ADP-ribosylation factor-like 3; COX7C, cytochrome c oxidase subunit VIIc; EGFR, epidermal growth factor receptor; FABP3, fatty acid binding protein 3; FASN, fatty acid synthase; GALC, galactosylceramidase; 3B-HSD, hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid delta-isomerase 1; IL-15, interleukin 15; KPNA4, karyopherin alpha 4; LEP, leptin; LPL, lipoprotein lipase; MDH1, malate dehydrogenase 1, NAD; NPY, neuropeptide Y; PDE4D, phosphodiesterase 4D, cAMP-specific; PRKG1, protein kinase, cGMP-dependent, type I; SYMPK, symplekin; NQO1, NAD(P)H dehydrogenase, quinone 1; SLC1A1, solute carrier family 1 member 1; UCP3, uncoupling protein 3. mentary Tables S6 -S12 ). In addition, the KEGG biological pathway database was used to identify specific biological pathways overrepresented by genes that responded to NDP-MSH treatment in the hypothalamus, liver, and fat (P Յ 0.05, Tables 3-5). Results are described further in following sections.
NDP-MSH Effects on Hypothalamic and Liver Gene Expression
Hypothalamic tissue underwent significant downregulation of transcriptional changes in response to NDP-MSH. Major groups of genes associated with biopolymer metabolism, cyclic nucleotide metabolism, and protein amino acid phosphorylation were downregulated. In particular, genes involved in cell communication, nucleotide metabolism, signal transduction, amino acid metabolism, and lipid metabolism were predominantly downregulated (Table 3 and  Supplementary Table S8 ).
The extent of significant downregulated transcriptional regulation changes in liver tissue was considerable and involved genes associated with lipid biosynthesis and glucose catabolism. The genes found to be differentially regulated in liver and overrepresented (P Յ 0.05) in KEGG pathways were identified (Table 4 and Supplementary Table S9) . Of the 15 genes annotated by KEGG to encode for enzymes and binding proteins in lipid biosynthesis, the majority were downregulated, including the rate-limiting FABP1-3 involved in the peroxisome proliferator-activated receptor (PPAR) signaling pathway. In addition, genes involved in nucleotide metabolism, amino acid metabolism, and energy metabolism, such as carbonic anhydrase III (CA3) and COX7C, were downregulated (Table 4) . Genes associated with gluconeogenesis, lactate dehydrogenase-C, glycan biosynthesis, and metabolism were upregulated (Table 4) .
In liver tissue the effect of genotype in the response to MSH was not as robust as observed in adipose tissue; GO enrichment cluster analysis for genotype did not detect any cluster themes.
Effects of MSH Treatment on Adipose Tissue
The scope of the significant downregulated transcriptional regulation changes in adipose tissue was considerable and surprising and involved major groups of genes associated with both anabolic and catabolic processes. In particular, genes involved in direct energy-generating processes such as oxidative phosphorylation, electron transport, ATP synthesis, and the citric acid cycle (TCA) were prominently downregulated in NDP-MSH-treated pigs (Table 5 and Supplementary Table S10 ). Our data also indicate a metabolic switch toward energy conservation since genes involved in energyintensive biosynthetic and catabolic processes were downregulated in MSH-treated pigs. This included genes encoding biosynthetic pathways such as steroid and lipid biosynthesis, fatty acid synthesis, protein translation, amino acid synthesis, and ubiquinone biosynthesis, as well as genes encoding enzymes involved in catabolic processes such as proteolysis, amino acid degradation, and pyruvate metabolism. In particular, downregulation of genes Table S10 ). However, genes involved in cofactor metabolism represented the largest GO enrichment cluster theme and included biosynthesis and metabolism of nucleotides, nucleosides, and ATP (Supplementary Table S10 ). The fold changes, q, and P values of genes involved in MSH- nduced changes in carbohydrate and energy metabolism are summarized in Table 5 . Other significant GO enrichment cluster themes include carboxylic acid metabolism, sterol biosynthesis, and cellular catabolism, among others (Supplementary Table S10 ). The scope of the significantly upregulated transcriptional regulation changes in adipose tissue was considerably less than downregulated transcriptional regulation but also involved major groups of genes associated with both anabolic and catabolic processes (Supplementary Table S11 ). Genes involved in DNA-dependent transcription were upregulated as were genes involved in regionalization development, regionalization, determination of bilateral symmetry, and cell communication. Additionally, genes that regulate apoptosis and neuron apoptosis in particular were also upregulated in adipose tissue (Table  5 and Supplementary Table S11) .
Although the effects of the MC4R genotype in response to MSH identified 290 genes in adipose tissue, GO enrichment cluster analysis only identified one cluster theme nucleocytoplasmic transport with an enrichment score of 1.3 or greater (Supplementary Table S12) .
DISCUSSION
Our results demonstrate for the first time in a large domestic animal that central administration of melanocortin receptor agonist NDP-MSH resulted in differentially regulated gene expression in hypothalamus, liver, and adipose tissue. It should be noted that although changes in RNA expression do not always correspond to changes in protein expression or biological response, we suggest that systemic changes in the expression of genes that belong to overrepresented GO or KEGG categories imply a functional change. Although the response in gene expression to NDP-MSH suggests melanocortin system involvement, further work is needed substantiate this hypothesis.
The effect of genotype on the response to NDP-MSH was markedly greater in the number genes differentially regulated for adipose tissue compared with hypothalamus or liver tissue, although feeding response to MC4R agonist was similar across genotypes. We have previously reported that adipose tissue is innervated by adrenergic nerve fibers (34) . Moreover, immunocytochemical data revealed that most of the subpopulations of the adrenergic leptin receptor-immunoreactive neurons supplying fat tissue in the pig that were positive for NPY and tyrosine hydroxylase immunoactivity (17) were located in the paraventricular nucleus, ventromedial nucleus, anterior hypothalamic area, preoptic area, arcuate nucleus, and supraoptic nucleus (16) . Thus, it is conceivable that these neurons also expressed MC4R and central administration of NDP-MSH may have evoked sympathetic outflow to subcutaneous adipose tissue and the subsequent differential response in gene expression observed in liver and the hypothalamus. To that extent, Song et al. (65) reported that MC4R mRNA that was colocalized in pseudorabies virus-labeled neurons with sympathetic outflow to white adipose tissue was located in hypothalamic paraventricular, suprachiasmatic, arcuate, and dorsomedial nuclei in the male hamster. Furthermore, central administration of melanotan II (MTII), a MC3/4R agonist, resulted in differential activation of sympathetic innervation of white and brown adipose tissue, as measured by norepinephrine turnover and stimulated white adipose tissue lipolysis (7). We suggest that central administration of NDP-MSH evoked sympathetic outflow through activation of the MC4R. However, it should be noted that the colocalization of MC4R with hypothalamic neurons that innervate adipose tissue has not been determined in the pig. Furthermore, because NPD-MSH is an MC3R and MC4R agonist, an effect due to MC3R activation cannot be ruled out. Energy homeostasis is regulated by close interconnected neuroendocrine and autonomic neural pathways emanating from the hypothalamus as described above (64) . Following MC4R stimulation, NPY expression increased, while promelanin-concentrating hormone expression decreased with no change in AGRP and POMC expression. The fact that NPY and MSH have opposing actions in the regulation of appetite and energy balance suggests a possible feedback regulatory mechanism in the regulation of energy balance as previously described by Mounien et al. (55) . A notable finding in the present study was that NDP-MSH treatment predominantly downregulated genes involved in two major GO enrichment cluster themes, cell communication and signal transduction. Genes such as SYMP, which encodes for a nuclear protein that functions in the regulation of polyadenylation and promotes gene expression (45) , and neuregulin-1 and -3, which interact with EGFR to induce growth and differentiation of epithelial, neuronal, and glial cells (21, 50) , were downregulated. Additionally, genes involved in nucleotide metabolism were downregulated; two genes of interest were the phosphodiesterase 4D, cAMP-specific (PDE4D), and PDE8A. These genes play a crucial role as terminators of the cAMP signal and restore cellular responsiveness required for neuroendocrine cells (3) .
The effect of feed deprivation on gene expression involves metabolic adaptations to the metabolic state in different tissues and has been previously reported for rodents (28, 41, 62) . Several adaptations occur during fasting to maintain energy homeostasis in adipose tissue and liver. In adipose tissue, lipolysis is increased in response to food deprivation and therefore a breakdown of triglycerides, which results in increased free fatty acid (FFA) to be utilized as an energy source by other tissues (25) . Moreover, FFA oxidation occurs at the liver, which leads to the production of ketone bodies. In addition, liver glycogen is utilized during the early stages of caloric restriction (15) . These events as described above lead to eventual reprogramming of the transcriptional events that follow energy deprivation. We report here that NDP-MSH administration and subsequent activation of the melanocortin system, a key neuronal circuit in energy homeostasis, directly affected peripheral genes that regulated energy, lipid, and carbohydrate metabolism in liver and adipose tissue. The most notable effect in the liver was on genes encoding for enzymes and binding proteins representing lipogenesis, in which nine of the 15 genes were downregulated, such as FABP3, acyl-CoA synthetase long-chain family member 3, and elongation of long chain fatty acids 5. These genes play an essential role in de novo lipid synthesis (57, 66) . Moreover, genes involved in energy metabolism, such as CA3, COX7C, and MDH1, were also downregulated. This response to NDP-MSH is indicative of an energy conservation response during fasting and is similar to that reported by Lakhagvadorj et al. (49) , in which energy-generating processes such as amino acid metabolism and lipid and steroid biosynthesis in fasted pigs expressing the MC4R D298N variant were also downregulated. Furthermore, recent reports demonstrated that CNS-MC3/4R directly regulates hepatic glucose metabolism (58) , thermogenesis in brown adipose tissue (71) , and lipolysis in white adipose tissue (7) . Moreover, the melanocortin antagonist, SHU9119, stimulated expression of lipogenic genes, sterol regulatory element-binding protein-1C, and PPAR␥2, and increased lipid content in the liver (56, 61) . In contrast, ICV administration of am MC3/4R ) that angiopoietin-like 4 is highly involved in lipid metabolism in human and swine models. False discovery rate correction (q-value) cutoff 0.07; *KEGG Pathways were found using DAVID's Functional Annotation tool; Gene names and symbols are the human homolog of porcine genes from the Affymetrix array probes (67) . agonist, MTII, reduced hepatic expression of the lipogenic gene, stearoyl-CoA desaturase-1 (SCD1), and pretreatment with SHU9119 reversed this effect (47). Mizuno et al. (54) reported that transgenic POMC expression normalized expression of genes associated with hepatic carbohydrate metabolism such as SCD-1, fatty acid transporter, protein tyrosine phosphatase 1B, and peroxisome proliferator-activated receptor-␥ coactivator in leptin-deficient obese mice. The authors suggested that central POMC regulation of the expression of these genes in the liver is most likely via the sympathetic nervous system. Furthermore, Nogueiras et al. (56) reported that inhibition of the MC3/4R promoted lipid uptake, triglyceride synthesis, and fat accumulation, while stimulation of the MC3/4R increased lipid mobilization. These effects were independent of food intake and changes in adiposity.
There are no reports on global transcriptional profiling of adipose tissue after NDP-MSH treatment. In a related study, the expression of several adipose tissue genes was determined after central treatment of a melanocortin agonist in the Siberian hamster (7) . These authors were the first to demonstrate that central administration of a melanocortin agonist, MTII, stimulated adipose tissue lipolysis through the sympathetic nervous system in the Siberian hamster (7). However, this study was of limited scope with regard to adipose tissue gene expression data.
A remarkable finding in our study is that NDP-MSH induced upregulated expression of adipose tissue genes involved in the structural morphogenesis and pattern specification of adipose tissue, as indicated by three main GO Biological Processes of development, regionalization, and determination of bilateral symmetry being overrepresented among these genes. Similarly, 3 days of fasting in pigs upregulated expression of adipose tissue genes involved in adipose tissue morphology and structure, since three main GO Biological Processes of cytoskeletal organization, vasculature development, and branching structure development were overrepresented among adipose tissue genes (49) . However, NDP-MSH treatment apparently did not influence other angiogenesis-related genes as did 3-day fasting in pigs (49) .
Unexpectedly, a group of genes upregulated by NDP-MSH treatment directly or indirectly antagonize lipogenesis or adipogenesis. For instance, ANGPTL4 was strongly upregulated and inhibits LPL activity and angiogenic capacity (11, 26, 31) . Interleukin 15 also was upregulated and antagonizes lipogenesis by stimulating hormone-sensitive lipase (2) . Furthermore, IGFBP-3 was upregulated and directly or indirectly inhibits adipogenesis (12, 35) . Possibly, these genes are collectively involved in dictating the sympathetic catabolic influence on adipose tissue during fasting. Several other unexpected upregulated genes linked to the adipocyte or adipogenesis included pyruvate dehydrogenase kinase, isozyme 4 (PDK4), EGFR, adiponectin, and ANG1. Additionally, UCP3 was also upregulated by NDP-MSH treatment. PDK4 may play a role in sympathetic induced metabolism, since it modulates the activity of adipose tissue glyceroneogenesis (10) . Other targets of sympathetic stimulation to adipose tissue included downregulated lipid biosynthetic genes such as FASN, LPL, and leptin.
NDP-MSH induced downregulation of adipose tissue genes involved in energy-generating related processes. Downregulation of genes involved in direct energy-generating processes such as oxidative phosphorylation and TCA was evident after NDP-MSH treatment, and these genes were also prominently downregulated in adipose tissue from fasted rats (46) and pigs fasted for 3 days (49) . Our data also demonstrate a metabolic switch toward energy conservation similar to what was observed in pigs fasted for 3 days (49) . Downregulation of genes involved in cofactor metabolism in adipose tissue was a major cluster theme for NDP-MSH-treated and fasted pigs (49) . Additionally, genes involved in steroid metabolism and biosynthesis were downregulated in NDP-MSH-treated and fasted pigs (49) . An exception to these downregulated steroid metabolism and biosynthesis genes was a marked upregulation of HSD3B1 in NDP-MSH-treated pigs. The HSD3B1 enzymatic system plays a role in the biosynthesis of all classes of hormonal steroids (72) . The significance of upregulated HSD3B1 in NDP-MSH-treated pigs remains to be determined. Similarity of many gene cluster themes of downregulated genes indicates that changes in gene expression was similar for NDP-MSH-treated pigs and those fasted for 3 days (49). Our studies indicate that much of the fasting response may be attributable to stimulation of MC4R altering sympathetic flow into adipose tissue.
Conclusions
The results of the present study demonstrate that the transcriptional response to central administration of NDP-MSH in part was similar to a metabolic response to energy deprivation as previously reported in the pig (49) . At the transcriptional level, genes involved in lipid and carbohydrate metabolism in liver and adipose tissue were differentially regulated following NDP-MSH treatment depending on their anabolic/catabolic function. In particular, a decrease in the expression of hepatic and adipose tissue lipogenic genes occurred within 24 h posttreatment. Furthermore, a unique group of genes that can directly or indirectly antagonize lipogenesis or adipogenesis were upregulated by NDP-MSH treatment in adipose tissue. Most notably, ANGPTL4 was strongly upregulated and inhibits LPL activity and angiogenic capacity. Possibly, these genes dictate the sympathetic catabolic influence on adipose tissue during fasting. Although the results have put forward novel ideas, further work is needed to substantiate the adaptive response in gene expression to NDP-MSH.
